A B S T R A C T The requirement for dietary histidine was investigated in four normal and three chronically uremic men. Subjects lived in a metabolic unit where they were fed three isonitrogenous diets in the following order: a 40-g protein diet (28±SD 8 days), a semisynthetic amino acid diet deficient in histidine (35±2 days), and an amino acid diet which contained histidine (31±5 days). With ingestion of the histidine-deficient diet, nitrogen balance gradually became negative, and serum albumin decreased in six subjects. Plasma histidine fell by 82±6%; muscle histidine decreased by 62± 19%; the hematocrit fell by 25+9%; and serum iron rose. Subjects felt unwell, and in five cases a skin lesion consisting of fine scales, dry skin, and mild erythema developed. After administration of the histidine-repletion diet, nitrogen balance became positive in six subjects; serum albumin increased in five cases; plasma and muscle histidine rose; serum iron fell abruptly; a reticulocytosis ensued; and the hematocrit rose. The clinical symptoms and skin lesions disappeared. These observations indicate that histidine is an essential amino acid in normal and chronically uremic man. The absence of dietary histidine is associated with failure of normal erythropoiesis.
INTRODUCTION
Although histidine is considered to be an essential amino acid for the human infant and several species of animals (1) (2) (3) (4) , studies have failed to establish a need for exogenous histidine in older children and adult humans (5) (6) (7) (8) (9) (10) . However, the demonstration that histiThis work was presented in part at the Western Society for Clinical Research, February, 1973 , and at the Federation of American Societies for Experimental Biology, April, 1974 .
Received for publication 17 September 1974 and in revised form 3 December 1974. dine is not an essential amino acid in these latter subjects has been largely based on nitrogen balance studies which were often of short duration. Recently, two laboratories have reported that histidine is an essential amino acid in adults suffering from chronic renal failure (11, 12) . Because of these latter observations, we decided to reassess the need for dietary histidine and to compare the metabolic response to deletion of histidine from the diet in normal and chronically uremic men. The results indicate that histidine is an essential amino acid for both the normal and chronically uremic adult male. The metabolic response to ingestion of a histidine-deficient diet in the normal and chronically uremic man is similar.
METHODS
Subjects. Seven subjects, four adult men with no evidence of renal disease and three clinically stable patients with advanced chronic renal failure, were studied in a metabolic unit. Characteristics of each subject are given in Table I . The chronically uremic patients had been azotemic (serum creatinine > 4.0 mg/100 ml) for a mean period of 27 mo (range, 10-37 mo).
Diets. Subjects were fed, initially, a diet consisting of ordinary foods which provided 40 g of primarily high quality protein for 28±SD 8 days. They then received for 35±2 days an essentially isonitrogenous, semisynthetic diet in which approximately 92% of the nitrogen was provided as free L-amino acids in the proportions present in egg, but which contained only 60 mg of histidine. Finally, for 31±5 days, six subjects received a diet identical in calorie and mineral content to the second diet. This third diet contained 1,210 mg of histidine, and the content of each of the other amino acids was reduced proportionally so that the nitrogen content of this diet was the same as the histidinedeficient diet. In the seventh subject, a chronically uremic patient, the third diet provided only 590 mg/day of histidine. He ingested this diet for 4 days, left the metabolic unit for 3 days, and on his return was fed his original 40-g protein diet for 11 days.
The 40-g protein diet provided on an average 30 g/day as either egg or beef protein, 7.4 g/day of egg protein (range, Data at onset of study.
6.4-9.6), and 22.8 g/day of beef protein (range, 22.3-23.5).
The amino acid diets provided 48-52 g of free crystalline Lamino acids. The amino acid content of the three diets calculated from standard food tables (13) for the ordinary foodstuffs and confirmed by ion exchange chromatography for the amino acid mixtures, is shown in Table II. The energy and mineral content of the diets is given in Table III . In the 40-g protein diet, calories were provided by a combination of ordinary foods high in calories and bread made from wheatstarch. In the amino acid diets, energy was provided primarily from high-calorie, low-nitrogen foodstuffs such as wheatstarch bread, margarine fat, and flavored drinks or puddings containing sucrose or a fat and carbohydrate supplement (Controlyte, Doyle Pharmaceutical Co., Minneapolis, Minn). The 40-g protein diet was usually supplemented with calcium lactate. Supplements of sodium, potassium, calcium, phosphorus, and magnesium were also given with the amino acid diets. A duplicate diet containing these supplemental salts was analyzed for mineral content every 2-4 wk (Table III) . Subject 4 also received a daily supplement containing zinc, 15 mg; manganese, 4 mg; iodide, 0.1 mg; and copper, 2 mg, with the amino acid diets, and one-third this amount with the 40-g protein diet. In each subject both the 40-g protein and amino acid diets were supplemented with a multivitamin preparation containing vitamin A, 1.5 mg; vitamin D, 10 ,ug; thiamine hydrochloride, 1 mg; riboflavin, 1 mg; ascorbic acid, 60 mg; niacinamide, 10 mg; pyridoxine hydrochloride, 0.5 mg; d-pantothenyl alcohol, 3 mg; and cyanocobalamin, 3 /.&g. In addition, subjects received folic acid, 2 mg/day; and injections of vitamin K, 10 mg every 10 days, and vitamin B12, 500-1,000 ,ug, at the end of the 40-g protein diet. Iron, 120 mg/day, was given as ferrous sulfate syrup divided in three doses and taken with meals throughout the study in subjects 2, 3, 4 and 7 and during the latter part of study in case 1.
Subjects were fed three meals per day and an evening snack. Amino acids and supplements of calcium, phosphorus, magnesium, and potassium were administered with each feeding.
Nitrogen balance and laboratory methods. Nitrogen balance studies were conducted according to previously described techniques (15 were counted with a Coulter counter; reticulocyte counts were performed with the new methylene blue N method (20) ; and platelets were counted manually. Statistical analyses were performed with the Student's t test, the paired t test, and by continuous linear regression analysis (21) . This study was approved by the VA Wadsworth Hospital Center Research and Education Committee, and conducted only after informed consent was obtained from each patient.
RESULTS
Nitrogen balance, serum albumin, and body weight. Nitrogen balance was often negative during the first few days of ingestion of the 40-g protein diet (Table  IV) , which may have been due to a higher protein intake before the study. However, balance became neutral or positive in each case and remained so except for case 5 who developed a mild respiratory infection during the last few days with this diet. When the histidine-deficient diet was instituted, nitrogen balance tended to become progressively less positive, and after 5-30 days it became negative in each subject. After histidine was added to the diet, balance became positive within 24 h in five of seven subjects and remained positive for the duration of study.
When case 2 ingested the histidine-repletion diet, nitrogen balance became transiently more positive, but remained negative throughout the study with this diet. Nitrogen balance also remained negative in case 7 during the first 4 days of this diet which provided only 590 mg/day of histidine. He was eating erratically during this period, and after day 8, when he was pre- Nitrogen balance was calculated for each subject during the last 7-12 days of study with each diet when equilibration had been achieved. Mean nitrogen balance during this period was + 0.65±0.59 g/day, -0.48 ±0.44 g/day, and + 0.70±1.21 g/day with the 40-g protein, histidine-deficient, and histidine-repletion diets, respectively (40-g protein vs. histidine-deficient diets, P < 0.02; histidine-deficient vs. histidine-repletion diets, P <0.01).
In the three uremic subjects, serum urea nitrogen decreased during the 40-g protein diet, rose during the histidine-deficient diet, and fell with the histidine-repletion diet (Fig. 1) . In addition, the urinary excretion of urea and total nitrogen increased in all seven subjects during the histidine-deficient diet and decreased with the histidine-repletion diet. Indeed, the fall in urinary excretion of both urea and total nitrogen occurred within 24 h of initiating the histidine-repletion diet in six of seven subjects. These changes cannot be attributed to alterations in renal function as the creatinine and urea clearances did not change in any subject during the study.
Serum albumin did not change during ingestion of the 40-g protein diet (Fig. 2) . Albumin levels decreased in six subjects and were unchanged in one with the histidine-deficient diet, and rose in five subjects and were unchanged in two with the histidine-repletion diet. Mean serum albumin levels at the end of study with the three diets were 4.3±0.4, 3.9+0.4, and 4.3+0.4 g/100 ml, respectively (histidine-deficient vs. 40-g protein or histidine-repletion diets, P < 0.10).
Mean body weight increased to 83.6±14.2 kg with the 40-g protein diet (P <0.01), was unchanged with the histidine-deficient diet (84.2±14.8 kg, P: NS), and rose slightly to 85.5+15.5 kg with the histidine-repletion diet (P = 0.05). The magnitude of the change in weight was similar in the normal and uremic subjects. Plasma and muscle histidine. The postabsorptive plasma histidine levels at the onset of the study were similar in the uremic and control subjects (Fig. 3 , Table V ). With the 40-g protein diet, mean plasma histidine levels fell slightly but not significantly. However, there was an inverse correlation between the initial plasma histidine values and the magnitude of its fall during this period (r = -0.85, P < 0.02). Within 23 h of initiation of the histidine-deficient diet, plasma histidine fell by 52±6%. Plasma histidine levels continued to decrease, and by the end of this diet, histidine levels had fallen to 17±1-2% of the concentrations present with the 40-g protein diet. After the onset of the histidine-repletion diet, plasma histidine began to in- crease within 2-5 days in subjects 1, 2, 5, and 6, but in subjects 3, 4, and 7 there was no clear rise in plasma histidine until after 8-16 days (Fig. 3 , Table  V ). By the termination of this diet, plasma histidine had increased to the levels present with the 40-g protein diet in five subjects and was still reduced in cases 4 and 7, who received the histidine-repletion diet for only 23 and 18 days, respectively.
Muscle histidine also decreased markedly with ingestion of the histidine-deficient diet, to 38±19% of the levels present with the 40-g protein diet (Table  VI) . With the histidine-repletion diet, muscle histidine increased to control levels. There was a direct correlation between the changes in muscle histidine with the three diets and the coincident changes in plasma histidine concentrations (r = 0.80, P < 0.001). Hematology. Serial hematocrits, reticulocyte counts, and serum iron levels during the course of study are shown in Fig. 4 . The hematocrit was 45.5±2.5% in the normal subjects and 38.8±5.8% in the uremic patients at the onset of study. With the 40-g protein diet, the hematocrit fell slightly to 41.6+3.1% in the normal subjects and 35.2+5.7% in the uremic patients. After starting the histidine-deficient diet, the hematocrit decreased more rapidly, and this fall was most marked during the last 3-9 days of this diet. At its termination, the hematocrit was 32.8±2.9% in the normal subjects and 23.9±4.8% in the uremic patients, a decrease of 24.8±9.0% when compared to the 40-g protein diet (P <0.001).
After initiation of the histidine-repletion diet, the hematocrit often continued to decrease for 1-4 days; it then stabilized for 1-6 days; and then gradually and progressively rose. At the end of this diet, the hematocrit had increased to 38.8+4.1% in normal subjects and 31.2±5.1% in uremic patients. Moreover, in subjects 2, 3, 4, 6, and 7 the hematocrit was still rising when this diet was terminated. In subject 1, there was a transient decrease in hematocrit associated with decreasing serum iron levels. Iron therapy was started, and the hematocrit again rose.
The reticulocyte counts were relatively constant during the 40-g protein diet and were 1.5±0.9% and 1.4 ±0.5% at the beginning and end of this diet (Fig. 4) .
At the end of the histidine-deficient diet, the mean reticulocyte count was 1.8±0.7%. 2-6 days after instituting the histidine-repletion diet, the reticulocyte count began to increase and rose to a maximum of 5.2% (range, 3.3-8.6 ). Data concerning reticulocyte counts and serum iron levels for cases 5 and 6 are limited because the relationship between anemia and the histidine deficiency was not recognized early in the study. During the 40-g protein diet, serum iron levels did not change and were 80±18 and 91+35 iyg/l00 ml at its onset and termination (Fig. 4) . However, in each observed case, serum iron rose during administration of the histidine-deficient diet to a mean of 148±29 Ag/ 100 ml (P < 0.01). capacity decreased from 349±70 to 288+66 Ag/l00 ml during the 40-g protein diet (P <0.01), fell insignificantly to 272±30 ug/100 ml with the histidine-deficient diet, and rose to 334±60 Ag/1l0 ml with the histidinerepletion diet (P < 0.05).
Platelet and leukocyte counts and serum glutamic oxaloacetic transaminase, lactic acid dehydrogenase, alkaline phosphatase, and bilirubin were not different with the 40-g protein, histidine-deficient, and histidine-repletion diets.
Clinical syndrome. A clinical syndrome of varying intensity developed in each case during ingestion of the histidine-deficient diet. Symptoms usually began subtly and progressed with time. Their precise times of onset and disappearance were often hard to identify. A sense of fatigue and lack of energy were generally the first symptoms to appear, and near the end of this diet subjects generally spent their days lying down or sitting at the bedside. Anorexia and nausea were also frequent findings, and three subjects had one or two episodes of vomiting. At the end of study with the histidinedeficient diet, a sense of depression or sadness was not uncommon. Irritability and occasionally hostility and anxiety also occurred. Four subjects complained of a slight loss of memory for recent events and decreased ability to concentrate or think clearly. They tended to forget within a day or two conversations they had or letters they had mailed.
Five subjects developed a dry, scaly skin eruption. The scales were fine, and the surrounding skin was often mildly erythematous. The lesion usually began either on the anterior legs in the shin area or on the volar surface of the hands and fingers. It was observed less commonly in a circumferential pattern on the abdomen and lower thorax and on the thighs, face, and arms. In addition, the skin on the volar aspects of the fingers and hands became dry and wrinkled and looked as if it had been soaked excessively in water.
After institution of the histidine-repletion diet, symptoms did not improve immediately and sometimes progressed for an additional 1-4 days. Improvement was very gradual, initially, and was usually first noted between 5 and 12 days after starting the latter diet. Despite definite improvement in every symptom with this diet, each subject reported that he did not feel completely normal until after the study was terminated and he was eating his ordinary food.
DISCUSSION
The findings of negative nitrogen balance, markedly decreased plasma and muscle histidine levels, lowered serum albumin concentrations, anemia, and clinical symptoms with the histidine-free diet, and the reversal of this syndrome with the addition of only histidine to the diet suggest that histidine is an essential amino acid for both normal and chronically uremic adults. It Muscle histidine levels, 40-g protein diet vs. histidine-deficient diet, P < 0.01. Muscle histidine levels, histidine-deficient diet vs. histidinerepletion diet, P < 0.001.
is pertinent that nitrogen balance was not adjusted for unmeasured losses of approximately 0.5 g/day from respiration, growth of integumentary structures, sweat, and blood sampling (22) . With correction for these losses, the magnitude of the negative nitrogen balance with the histidine-deficient diet becomes even greater, while balances with the 40-g protein and histidinerepletion diets would be neutral. The observation that nitrogen balance became negative with the histidine-deficient diet is in contrast to the reports of Rose et al. who found that nitrogen balance remained neutral or positive in young college-age men receiving diets devoid of histidine (5, (7) (8) (9) ; however, their studies were often of short duration. Albanese, Holt, Frankston, and Irby also found neutral nitrogen balance in three normal men studied for 36 days with a histidine-deficient diet, although each subject experienced progressive weight loss (6) . Moreover, the histidine content of their diets can be calculated from food tables to exceed 200 mg/ day (13), and two subjects received a dietary supplement of histidine for 2-4 days during the study. Since in the present study nitrogen balance only became negative after ingestion of the histidine-free diet for days, it is not surprising that balance remained positive in these previous studies. The earlier investigations concerning the essentiality of histidine were largely limited to nitrogen balance techniques, and it is of interest that recently Anderson and Linkswiler observed a decrease in plasma histidine levels in healthy adults ingesting histidine-free diets (23) . Moreover, several investigators have found that nitrogen balance is not maintained in healthy subjects fed diets containing the eight essential amino acids and one or more nonessential amino acids, but not histidine (24) (25) (26) . These results were observed whether the essential amino acids were fed in amounts equal to or greater than the minimum requirements defined by Rose. Weller, Calloway, and Margen have suggested that this failure to achieve nitrogen balance may be due to the lack of dietary histidine (26) .
The failure to attain positive nitrogen balance after initiation of the histidine-repletion diet in subject 2 is puzzling. He ingested 37.5 kcal/kg per day with this diet, which was somewhat lower than average, and it is possible that his energy requirement was greater than the other men. An inadequate energy intake may also explain the unusually rapid development of negative nitrogen balance with the histidine-deficient diet in this case. The amount of calories/kilogram body weight which could be offered to the subjects was limited by the difficulty with ingesting amino acid diets for relatively long periods of time, the anorexia associated with the histidine-deficient diet, and the large size of some subjects. Thus subjects received 39.9±5.3 kcal/kg per day with the amino acid diets, which is less than that used by Rose in his studies with college students who led a more active life (27) . The adequacy of energy intake in the other six subjects in the present study was evidenced by their positive nitrogen balance at the onset of the histidine-deficient diet and during ingestion of the histidine-repletion diet.
It is not clear why nitrogen balance did not become negative until 15-30 days after ingestion of the histidine-deficient diet in most cases. Although plasma histidine levels fell rapidly, it is possible that the histidine pools at sites where protein is synthesized did not become critically depleted until much later. Nasset and Gatewood have suggested that preservation of histidine pools may occur through the release of histidine from breakdown of peptides and proteins, such as hemoglobin which is particularly rich in histidine (1) . A decrease in hemoglobin formation probably began shortly after beginning the histidine-deficient diet (Fig. 4, videinfra) , and this may have made more histidine available for other anabolic processes. Other adaptive responses that might have preserved critical histidine pools were a reduced rate of degradation (28) and decreased urinary excretion of histidine. After initiation of the histidinerepletion diet, both the rate of oxidation and the urinary excretion of histidine rose. The mechanisms by which the lack of histidine caused the clinical syndrome with the histidine-free diet are obscure. Rose pointed out that anorexia, fatigue, and nervous irritability occurred in healthy subjects fed SUBJ.
SUBJ.
SUBJ. SUBJ. diets deficient in any essential amino acid (27) . Hence, the malaise, anorexia, and mental changes may represent a nonspecific reaction to the unavailability of any amino acid or nutrient for metabolic processes. Although subjects felt better after histidine was added to the diet, they did not feel completely normal until they had begun eating their ordinary food. This observation may indicate that the histidine-repletion diet was deficient in certain essential, possibly unknown, nutrients.
The skin eruption observed in several subjects in the present study has not been described with deficiencies of other essential amino acids. It is of interest that Snyderman, Boyer, Roitman, Holt, and Prose noted that infants fed histidine-deficient diets developed a skin lesion similar to that observed in the present study (2) . They suggested that the eruption may be due to low histamine levels in skin, and this lesion may therefore represent a specific response to histidine deficiency. However, it is also possible that the failure to observe this lesion with diets deficient in other essential amino acids may reflect the shorter periods for which these latter diets have generally been studied.
The results of the present study clearly indicate that histidine deficiency can promote or intensify anemia.
Moreover, histidine deficiency appears to act by decreasing erythropoiesis. The observation that serum iron rose and the reticulocyte count remained low with the histidine-deficient diet (Fig. 4) , and that serum iron fell and the reticulocyte count increased shortly after beginning histidine repletion supports this thesis. These findings confirm earlier observations that histidine may affect hemoglobin metabolism. Nasset and Gatewood have shown that adult rats fed histidinedeficient diets become anemic (1). In one of Rose's subjects ingesting a histidine-deficient diet, a slight decrease in the hemoglobin concentration was observed (7) . In addition, Pinals, Harris, Frizzell, and Gerber have reported that in patients with rheumatoid arthritis, ingestion of supplemental histidine may improve anemia (29) . Experimental evidence also supports the contention that histidine specifically promotes hemoglobin production. Sebrell and McDaniel have shown that dietary histidine is a particularly important amino acid for hemoglobin synthesis in weanling rats (30) . Also, Giordano, De Santo, Rinaldi, De Pascale, and Pluvio have shown that the administration of histidine to uremic patients who were ingesting histidine-free diets increases [14C]leucine uptake by reticulocytes (12) . The mechanism by which histidine enhances erythropoiesis is not known.
The possibility that bleeding contributed to the anemia was excluded by periodic stool examinations for blood. Vitamin deficiency anemia also appears unlikely since subjects received vitamin supplements including folic acid and B,2 throughout the study. Blood sampling could have added to the anemia and may have caused the slight fall in hematocrit with the 40-g protein diet. However, the volume of blood drawn each week was constant throughout the study with the three diets. Thus, it is not likely that the more rapid fall in the hematocrit with the histidine-depletion diet or its rise with the histidine-repletion diet could be explained by blood sampling.
It is of interest that the serum levels of glutamic oxaloacetic transaminase, lactic acid dehydrogenase, alkaline phosphatase, and bilirubin did not rise during ingestion of any of the three diets. These findings are in contrast to the observations of Kofratnyi, Jekat, Brand, Hackenberg, and Hess who found elevated serum glutamic oxaloacetic transaminase and glutamic pyruvic transaminase in healthy subjects ingesting diets providing the eight classical essential amino acids in the proportions found in egg and potato protein and various sources of nonessential nitrogen (31) . When the same diets were supplemented with histidine and arginine, the serum transaminases remained normal. The findings from the present study may indicate that the elevated transaminases found by Kofranyi and coworkers were not caused solely by the removal of histidine from the diet.
The observation that the response to the histidinedeficient and histidine-repletion diets were similar in the normal and uremic subjects provides some evidence that the metabolism of histidine is not altered in renal failure. In this regard, histidine may differ from such amino acids as phenylalanine or citrulline which are reported to be metabolized abnormally in uremia (32) (33) (34) . However, Fuirst has recently reported that after the administration of an 'N tracer, histidine labeled with 5N could be recovered from normal subjects but not from uremic patients (35) .
The results of this study indicate that histidine is an essential amino acid for the healthy adult as it is for the patient with renal failure. It may therefore be of value to assess the daily dietary requirements for histidine and to determine whether the dietary intake of certain populations may be deficient in this amino acid. The foregoing observations also suggest that there may be value in ascertaining whether other types of anemia may respond to dietary supplementation with histidine.
